The yield, composition and fungicidal activity of essential oils obtained from fennel fruits cultivated in Poland (FEO-POL) and Egypt (FEO-EG) were compared. The infl uence of the duration of hydrodistillation using a Clevenger apparatus on the essential oil yield was studied. The composition of the fennel essential oils was determined by GC-MS method. Studies have shown that FEO-POL and FEO-EG are two distinct chemotypes, which differ in yield and composition. The fennel fruits cultivated in Poland contained 4.14% of essential oil with trans-anethole as a main component. The plant material from Egypt was characterised by low content of essential oil (1.32%) with a predominant share of estragole. The fungicidal activity was tested in vitro against ten species of pathogenic fungi. The best result for FEO-POL was achieved against Sclerotinia sclerotiorum, Rhizoctonia solani and Botrytis cinerea. Antifungal activity of FEO-EG against tested fungi was weak or none.
INTRODUCTION
Fennel (Foeniculum vulgare Mill.) is an aromatic plant that grows all over the world and is widely used as a spice. In cuisine, various anatomical parts of fennel are used. Fragrant substances with a pleasant smell and taste are located mainly in the fruits, but also in the stems and leaves. They are used to fl avour beverages, bread, pickles, pastries, cheese and other food products 1 . Due to its pharmacological properties, herbs and the fruits of fennel are also used in folk and natural medicine. Particularly valuable are fennel fruits, which are characterised by a signifi cant content of essential oil. Traditionally, fennel fruits are used as anti-infl ammatory, analgesic, carminative, secretolytic, diuretic and antispasmodic agents 2, 3 . Fennel essential oil and medical drugs based on fennel are also known for their hepatoprotective properties 4 and anticancer effects 5, 6 . Antimicrobial and antifungal activities of the essential oil from fennel and its components against some popular and opportunistic pathogens were also found. Fennel essential oil shows strong bactericidal activity against Escherichia coli, Salmonella typhimurium, Staphylococcus 
EXPERIMENTAL

Materials and chemicals
Fennel fruits (Foeniculum vulgare Mill.) from two different countries were used as a source of essential oil. The plant material cultivated in Poland was obtained from Plant Herb KAWON-HURT Nowak sp.j. (Gostyń, Poland). The plant material from Egypt was purchased from an online shop: Real Foods (Edinburgh, Scotland, United Kingdom). According to the producers' information, the fennel was grown and harvested in 2015. Essential oils from fruits of fennel cultivated in Poland (FEO-POL) and in Egypt (FEO-EG) were obtained in January 2016. Before essential oil isolation, fennel fruits were stored at room temperature and protected from light.
For the identifi cation of the essential oil ingredients, the following standards were used: trans-anethole (99%), camphene (≥90%), p-cymene (99%), -phellandrene (≥85%), R-(+)-limonene (97%), α-pinene (98%), sabinene (natural 75%) and γ-terpinene (97%) from Sigma--Aldrich (Steinheim, Germany), and camphor (natural pure) from International Enzymes Limited (Windsor, Berkshire, England). In order to determine the linear retention indices of the essential oil components, the saturated n-alkanes standard C 7 -C 30 purchased from Supelco (Bellefonte, Pennsylvania, USA) was applied.
Additional chemicals included anhydrous sodium sulfate (pure p.a.) from POCH (Gliwice, Poland), which was used as a drying agent to remove the water from essential oil samples, and acetone (pure p.a.) from Chempur (Piekary Śląskie, Poland) as a solvent of essential oils for chromatographic analysis.
Cultures of fungi were obtained from: Bank 
Isolation of the essential oil
The samples of fennel fruits were subjected to hydrodistillation using an all-glass Clevenger apparatus (WPL Gliwice, Poland) recommended by Polish Pharmacopoeia since its 7th edition 15 . In order to extract the essential oil, 20 g of the ground fruits, 500 ml of distilled water and some boiling stones were placed in a 1000 ml round-bottom fl ask. Then, the fl ask was connected to the Clevenger apparatus. The fruits were ground immediately before the experiments to minimise essential oil losses. The hydrodistillation was performed at a rate of 3 ml/min for different periods of time ranging from 30 minutes to 3 hours. Essential oil yield was calculated on the basis of essential oil volume and plant material weight, and expressed in % (v/w). The obtained essential oils were dried over anhydrous sodium sulfate and stored in sealed vials at 4°C until GC-MS analysis was performed. Prior to the analysis, the samples of essential oils (20 l) were dissolved in acetone (1.0 ml) to obtain a concentration of about 19 mg/ml. For each examined essential oil, three analytical samples were prepared.
GC-MS analysis
The GC-MS analysis of the essential oils was carried out using an Agilent 6890 gas chromatograph (Agilent The linear retention indices (LRI) were calculated for all volatile constituents of essential oils using retention data of a homologous series of n-alkanes (C 7 -C 30 ). The obtained results were compared with data published in the literature 16, 17 . The components of the essential oils were also identifi ed by comparison of their mass spectra collected in the NIST 02 mass spectral library. Additionally, the identifi cation was confi rmed by the analysis of standards available in the laboratory.
The quantitative analysis was performed by the internal normalisation method without the application of correction factors. The relative percentage of the essential oil constituents was evaluated by a total ion chromatogram (TIC) using the MestReNova 10.0.2 software. The relative contents of particular compounds in essential oils were obtained as the percentages of a peak area in a total ion chromatogram.
Antifungal tests
The fungicidal activity of fennel essential oils was tested in the Institute of Industrial Organic Chemistry in Warsaw. Ten different species of fungi were used in the experiments, including eight plant pathogenic fungi: A. alternata, B. cinerea, F. avenaceum, F. culmorum, F. graminarum, P. infestans, R. solani, S. sclerotiorum, an important pathogen that affects honeybee brood A. apis and a mould causing the biodeterioration of technical materials P. ochrochloron. All strains of the fungi originated from the collection of the Institute. Antifungal activity of the essential oils was assayed in vitro using the agar growth medium poison technique. For this purpose, oil samples were dissolved in acetone and the solutions were mixed with molten Potato Dextrose Agar (PDA) growth medium after autoclaving in order to obtain concentrations of 1.0 mg/ml. The homogeneous mixtures were poured in sterilised Petri dishes. The mycelial circle disk of fungi, taken from the edge of a 7-day-old culture, was inoculated at the centre of each plate after PDA solidifi cation. After incubation at 25 o C that lasted a few days, depending on the growth of mycelium in the control (PDA with acetone), the inhibitory effects of the oils on linear growth were determined by measuring the diameter of the fungal colony. The fungistatic activity of the tested compounds was expressed as a percentage inhibition of mycelium compared to the control. Each measurement consisted of three replications and the average percentage of mycelia inhibition was calculated.
RESULTS AND DISCUSSION
Essential oils content and composition
In the fi rst stage of our research, the kinetics of the hydrodistillation was studied using the plant material from Poland. The yield of essential oil isolation was determined after different periods of time: 30, 60, 90 and 120 minutes (Fig. 1) . Each experiment was repeated three times, the results were averaged, and the means were compared by using one-way analysis of variance Increasing hydrodistillation time to 90 and 120 minutes provided even higher yields of 4.14 ± 0.08% (v/w) and 4.18 ± 0.03% (v/w), respectively. However, the difference between these two yields was not signifi cant (p > 0.05). Taking into account the kinetics of the fennel essential oil isolation, 90-minute experiments were performed to study the yield and composition of fennel essential oil from plant materials cultivated in Poland and Egypt. The results are presented in Table 1 . Twenty compounds, which accounted for more than 99% of fennel essential oils, were identifi ed using the GC-MS method. The determined retention indices of the particular compounds were consistent with the literature
16, 17
. Identifi cation was also confi rmed by comparing the mass spectra with data from the NIST 02 library. A spectral match quality for different. According to the literature, high variability of fennel essential oil composition is observed. Piccaglia and Marotti 18 reported the predominant constituents of essential oils obtained from thirteen types of fennel. Their results confi rm estragole, trans-anethole, fenchone and limonene as the main components of fennel essential oil; however, the content of these substances varied widely: estragole (0.15-52.17%), trans-anethole (0.14-42.26%), fenchone (1.70-11.22%) and limonene (1.74-22.68%). Additionally, the authors observed substantial content of -phellanderene (0.31-82.07%) and -pinene (0.75-26.54%). In the essential oils analyzed in the present study, the relative contents of these substances were signifi cantly lower. Both FEO-POL and FEO-EG are characterised by a trace content of -phellanderene (≤ 0.05%) and a low concentration of -pinene -2.88 and 0.72% respectively. Comparing our results with the literature, the plant material cultivated in Poland seems to be similar to the fennel grown in Turkey and Iran 19, 20 . The determined composition of the essential oil obtained from the plant material cultivated in Egypt was consistent with the report of Afi fy et al. 21 . Relative content -percentage of the peak area in the total ion chromatogram; SD -standard deviation calculated from three separate tests; tr -relative content ≤ 0.05%; nd -not detected *evaluation of activity: 0-20% -no eff ect; 20.1-50% -weak activity; 50.1-90% -moderate activity; 90.1-100% -good activity the main components of the essential oils was above 90%, and above 80% for minor constituents. The spectra and retention parameters were also confi rmed by the analysis of nine standards.
As shown in Table 1 , the content of essential oil from fennel cultivated in Poland was more than three times higher in comparison to plant material from Egypt, and their compositions were also different. The main component of FEO-POL was trans-anethole (relative content 69.95%), while its isomer estragole was predominant component (87.49%) in FEO-EG. FEO--POL contained also a substantial amount of fenchone (18.14%), but FEO-EG contained 8.63% of limonene. The relative contents of other constituents in essential oils were below 3% and their distributions were also seedlings, and causing various plant diseases, e.g. collar rot and damping off. It attacks crops of popular plants such as potatoes, cucumbers and tomatoes, and may cause serious plant losses by destroying their roots and stems. Chemical control of this pathogen is not completely effective, and the damage caused by R. solani remains a persistent problem. Formulations of biofungicides may be a good solution for this problem 26 , and our results suggest that one of their components may be fennel essential oil.
In the present study, FEO-POL also exhibited moderate activity against B. cinerea, an airborne plant pathogen causing grey mould, which attacks over 200 crops worldwide, including wine grapes, strawberries and other fruits. Although there are some fungicides for its control, many of them fail due to its genetic plasticity. Aminifard and Mohammadi 27 found that black caraway, peppermint and fennel essential oils inhibited the infection of plum fruits by B. cinerea. The results also suggest that the application of the tested essential oil could be helpful in increasing the storage life of some fruits, possibly in combination with other essential oils in order to improve its activity.
CONCLUSIONS
The results demonstrate that the two tested essential oils from fruits of fennel cultivated in Poland and Egypt are two distinct chemotypes, which signifi cantly differ in their content, composition and fungicidal activity. The high content of estragole in fennel fruits from Egypt makes this plant material to be less valuable for consumption and medicinal applications. Its antifungal activity against tested fungi was also weak. In contrast, essential oil from Polish plant material, containing as its main components trans-anethole and fenchone, showed better activities against all tested fungi, especially against S. sclerotiorum, R. solani and B. cinerea. FEO-POL may be a good candidate for application as a bio-fungicide and can be an alternative to the chemical fungicides used currently against these pathogenic fungi.
The composition of an essential oil determines its physical and biological properties. trans-Anethole is an important component of the characteristically sweet aroma of fennel. It exhibits anti-infl ammatory and anti--carcinogenic properties 22 . In turn, estragole was reported as a potential human carcinogen
23
; therefore, its presence in plant materials lowers essential oil quality and may increase health risks. Other studies suggest that, in natural products, the presence of other constituents forming a complex phytochemical mixture could play a protective role against the risk connected with estragole 24 . Nevertheless, taking into account its chemical composition, fennel essential oil originating from Poland seems to be more favourable. In this product, the content of estragole was low (below 3%). The signifi cantly high amount of fenchone with its specifi c bitter taste could be a basis to classify this fennel alongside the "bitter types"
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. Both trans-anethole and estragole -the main components of the obtained essential oils have a common biosynthesis originating from the same precursors -L-phenylalanine and cinnamic acid 18 -and exhibit antimicrobial properties 25 . Thus, the aim of this work was to determine the relationship between the composition of the particular oils and their activity against selected fungal strains.
Fungicidal activity
The results of antifungal tests are shown in Table 2 . The essential oils showed varied activity against the tested strains of pathogenic fungi and, as can be seen, in all cases the product obtained from fennel cultivated in Poland was more active. Some effect of FEO-POL was observed for all tested strains, while in the case of FEO-EG only for seven of them. Activity higher than the limit stated of 20% was determined for FEO-POL against six pathogens and for FEO-EG only against one fungus strain -F. graminarum, but its activity was weak (28.8%). FEO-POL showed weak activity against F. graminarum, A. apis and P. infestans and moderate activity against B. cinerea (60.0% growth inhibition) and R. solani (80.0%). The best result for FEO-POL was achieved against S. sclerotiorum (100.0%). It is interesting to note that FEO--EG did not inhibit the mycelia growth of S. sclerotiorum (0%). Different activities against this pathogen could be the result of the presence of trans-anethole as a main component in FEO-POL, which was not detected in FEO-EG. The activity of fennel essential oil with high trans-anethole content against S. sclerotiorum was also observed by other researchers 13 . The obtained results indicate that FEO-POL may fi nd application as an effi cient bio-fungicide against the pathogenic fungus S. sclerotiorum, which causes stem and root rot. This disease is a signifi cant threat for over 400 species of plants including tomatoes, soybeans, sunfl owers and green beans. The pathogen produces structures known as sclerotia or white mould, which can affect young seedlings, mature plants and fruits during storage. It can spread quickly from plant to plant, especially in glasshouses, where high humidity is present. S. sclerotiorum is one of the world's most dangerous plant pathogens due to its effect on fl owers, leaves, fruits or stems 13 . FEO-POL was found to inhibit the growth of R. solani. This soil-borne pathogen is known for attacking plants in their early stages of development, such as seeds and
